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Using van der Waals-corrected density functional theory calculations, we explore the possibility
of engineering the local structure and morphology of high surface-area graphene-derived materials
to improve the uptake of methane and carbon dioxide for gas storage and capture. We test the
sensitivity of the gas adsorption energy to the introduction of native point defects, curvature and
the application of strain. The most significant enhancements occur at concavely curved surfaces
and Stone-Wales defects. Trends for CO2 and CH4 are similar, though CO2 binding is generally
stronger by ∼4–5 kJ mol−1. However, the differential between the adsorption of CH4 and CO2

is exceptionally high on folded graphene sheets and at concave curvatures; this could possibly be
leveraged for CH4/CO2 flow separation.

I. INTRODUCTION

Due to the anticipated shortage of petroleum, as well as
the adverse environmental impact of conventional gaso-
line vehicles, alternative transportation systems based on
hydrogen or natural gas are being actively researched.
Since cryogenic storage is expensive and compressed gas
storage is energy intensive with associated safety factors,
the search is on for suitable materials that can store
gas adsorptively. Carbon dioxide capture is motivated
by the pressing need to reduce greenhouse gases. En-
riching the methane content in a gas mixture of carbon
dioxide and methane is important in enhanced oil recov-
ery, biogas production and natural gas technology. The
methane rich gas stream can be subsequently used in an
on-board transportation system. Porous and disordered
carbon-based materials are excellent adsorbents for gas
storage and separation. They have been widely used due
to their high specific surface area, low cost, minimal en-
vironmental impact, and good mechanical and chemical
stability.1–4

Carbon-based adsorbents do not yet meet targets for
on-board storage of hydrogen or natural gas. Efforts to
further improve gas uptake in high surface-area porous
carbon substrates have followed two general directions:
the first approach consists of chemical modification by
additives and surface functionalization; this is designed
to enhance the per-site binding energy. In a previous
report, we explored the effects of edges and chemical
functional groups on gas adsorption on graphene;5 we
found that functional groups containing the OH moi-
ety could increase binding with respect to unfunction-
alized edges. Classical grand ensemble Monte Carlo sim-
ulations, with edge functionalized graphene nanoribbons
revealed enhanced methane binding with COOH func-
tional groups.6 The local methane density around the
functional groups was found to exceed the methane den-
sity on bare graphene as the pressure and functional

group concentration is increased.6 Specific functionaliza-
tion to enhance local binding has also been used as a
strategy for improving methane uptake in metal organic
frameworks (MOFs).7 A second approach consists of en-
gineering of the pore geometry and morphology.4,8,9 This
approach aims to increase the overall number of accessi-
ble sites, as well as to improve diffusion kinetics and in-
crease capillary action. In this work, we explore a third
viable approach, namely, altering the local (as opposed to
mesoscopic-scale) morphology and structure of the car-
bon lattice. We do this by introducing native point de-
fects, such as vacancy complexes and bond rotations, as
well as local strain-related effects, such as tension and
surface buckling. Despite receiving attention in the con-
text of graphene-based nanoelectronic devices,10,11 the
potential impact of this approach on adsorptive gas stor-
age has not hitherto been systematically investigated in
detail.
The precise microstructure of most porous carbons is

difficult to characterize, but products tend to be largely
graphitic, with significant local deviations from the ideal
planar, six-membered ring structure.12 The nature of
these deviations depends on the processing and activa-
tion conditions employed, although examples include the
introduction of chemical functional groups, edges, point
defects, and local strain. There has been significant re-
cent progress in the chemical and thermal processing of
activated carbons, carbon aerogels, and other porous and
disordered carbon-based substrates.9,13–17 This has per-
mitted unprecedented tunability of morphological fea-
tures not only at the meso and macro scales, but also
locally. In order to properly leverage these advances as
part of a broader design roadmap, it is highly desirable
to understand which local modifications might lead to
measurable improvements in binding energetics and gas
uptake.
Accordingly, we use density functional theory (DFT)

calculations of gas binding on a wide variety of defec-
tive graphene-derived surfaces in order to assess which
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local modifications provide the greatest adsorptive en-
hancement with respect to pristine graphene. We test
the effects of five varieties of point defects, as well as lin-
ear and areal strain, and rippling and folding resulting
from surface buckling under compression. These repre-
sent features that are commonly observed in nanoporous
and mesoporous carbon frameworks,10,18 and whose ex-
pression may be coupled to tunable processing parame-
ters. The calculations are intended to inform experiments
targeting specific processing approaches, as well as to im-
prove the fidelity of mesoscale simulations of broader mi-
crostructural features. They may also be useful in related
research fields, such as carbon-based gas sensors.
In this paper, we focus on methane and carbon diox-

ide adsorption. The motivation for this is twofold. First,
these two gases have extraordinary technological rele-
vance for solid-state natural gas storage and carbon cap-
ture, respectively. Second, the binding energies of CH4

and CO2 tend to be relatively large with respect to other
small physisorbed gases of interest, notably H2. This
makes the possibility of achieving meaningful uptake en-
hancements via local structural changes more viable. We
also compare the binding energies between CO2 and CH4

on the various defect structures studied. This is useful
while developing separations technologies where CH4 sep-
aration from CO2 is the main objective.

II. COMPUTATIONAL DETAILS

We have used density functional theory (DFT) calcula-
tions to determine the fully relaxed geometries and ener-
getics of CH4 and CO2 molecules adsorbed on graphene
sheets with point defects, local strain or morphologi-
cal defects. All DFT calculations were performed us-
ing the plane-wave Quantum-ESPRESSO code.19 Norm-
conserving pseudopotentials with a plane-wave cutoff of
80 Ry were used. To minimize spurious interactions
between graphene sheets across periodic supercell im-
ages, a vacuum spacing of 20 Å was introduced along
non-repeating directions. Brillouin zone sampling was
performed using a 6 × 6 × 1 Monkhorst-Pack k -point
mesh. Marzari-Vanderbilt cold smearing20 with a smear-
ing width of 0.007 Ry was introduced for improved con-
vergence and for savings in k -point density.
As physisorption dominates the interactions between

the adsorbate and substrate, it is important to select a
method of treating van der Waals dispersion forces ad-
equately within a DFT framework. We have chosen to
use the nonlocal van der Waals density functional (vdW-
DF).21,22 Spin-restricted DFT was used, as the formu-
lation of the nonlocal correlation in vdW-DF is defined
only for this case.22 The revised Perdew-Burke-Ernzerhof
(revPBE) functional has been used to compute the ref-
erence exchange term.23

The defect formation energy Ef was calculated using
the formula:

Ef = (1)

For each adsorbate-substrate pair, the adsorption energy
was calculated as:

Eads = −(Eg+s − Eg − Es), (2)

where Eg+s is the total energy of the adsorbed system,
Eg is the total energy of the isolated gas molecule (CH4

or CO2), and Es is the total energy of the bare substrate.

III. RESULTS AND DISCUSSION

A. Point defects

Scanning Tunneling Microscopy24–28 and Transmission
Electron Microscopy29,30 of graphene, graphite and acti-
vated carbon reveal the presence a variety of native point
defects, that could contribute to enhanced gas adsorp-
tion. These include monovacancies, divacancies, Stone-
Wales defects, adatoms, and interstitial atoms. In ad-
dition to these native defects, the selective introduc-
tion of point defects represents a possible surface engi-
neering strategy, e.g., by controlled deposition31, crystal
growth32, ion bombardment33, electron irradiation34, or
chemical treatment35.
There have been several reports of enhanced binding of

small molecules at point defect sites in graphene. Exam-
ples include the adsorption of O2, CO, N2, B2 and H2O
on divacancies,36 and the adsorption of CO2 on mono-
vacancies.37 Meyer et al.38 have imaged the kinetics and
discussed the atomisitic mechanisms involved in the en-
hanced binding of these small gas molecules on point de-
fects in graphitic substrates. Dissociative chemisorption
of hydrogen molecules at point defect sites has also been
extensively studied in the literature.39

We have studied the adsorption of CH4 and CO2

molecules on three important kinds of point defects
known to exist in graphene sheets: monovacancies, diva-
cancies and Stone-Wales defects (see Fig. 1).18,33,38 The
presence of a monovacancy leaves three carbon atoms
with unsaturated dangling bonds. This causes consider-
able restructuring and bond formation between two of
the carbon atoms, resulting in five- and nine-member
rings (denoted 5–9 in the text).26 Because the monova-
cancy may be further stabilized upon passivation with a
hydrogen atom on the remaining unsaturated carbon,40

we have also studied this configuration. The presence
of divacancies (two adjacent missing carbon atoms) re-
sults in reorientation of the honeycomb lattice to form
non-hexagonal rings. Here we consider two common di-
vacancy reconstructions: the 5–8–5 and 555–777 defects.
The Stone-Wales (SW) defect is a well-known low-energy
transformation in which one of the C–C bonds is rotated
by 90◦. This results in a restructuring of four hexagons
in the honeycomb lattice of graphene into a 55–77 con-
figuration. All these defects studied were introduced in
a (4

√
3× 4

√
3) graphene unit cell (∼2% defect density).

Figures 1 and 2 show the final relaxed geometries and
orientations of the CH4 and CO2 molecules adsorbed on
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FIG. 1: (In color online) Final adsorption geometries of
methane adsorbed on the tested point defects. Top row:
Stone-Wales (55–77), divacancy (5–8–5), divacancy (555–
777). Bottom row: monovacancy (5–9), monovacancy (5–9)
with hydrogen passivation. Atomic color code – graphene C:
yellow, methane C: gray, H: light blue. The red lines are
guides to the eye, to bring out the bonding topology.

each of the tested point defects. For the unpassivated
monovacancy defect, the CH4 molecule sits on top of the
unsaturated carbon atom in the nine-member ring such
that one of its C–H bonds is oriented towards the defect
site. For the 1-H passivated monovacancy defect, the
CH4 sits on the top of the carbon atom in the pentagon
that is farther away from the defect site, with a geometry
and orientation similar to the unpassivated monovacancy.
The CH4 molecule sits with its H-tripod down for both
the 5–8–5 and 555–777 divacancy defects; however, the
CH4 molecule sits on top of the carbon atom adjoining
the pentagon and octagon for the 5–8–5 defect, whereas
for the 555–777 defect, CH4 sits above a heptagon center.
In the case of the SW defect, the CH4 molecule sits on
a bridge between a C–C bond that is farther away from
the defect site, in one of the pentagons formed in the SW
defect. For all these configurations, the CH4 molecule sits
with its tripod facing towards the substrate, at a distance
of ∼ 3.6 Å from the carbon atom of the methane to the
graphene plane.
The adsorption sites for the CO2 molecule on the var-

ious tested defects in the graphene sheet after geometry
optimization are similar to those for CH4 adsorption. In
most cases, the linear CO2 molecule sits at a distance
of 3.5 Å, oriented parallel to the basal plane. In the
case of the strongest-binding SW defect, the distance re-
duces to 3.35 Å, indicative of the stronger binding in this
configuration.
Our results for the adsorption energies for CH4 and

CO2 gas molecules on the monovacancy, divacancy, and
SW defects, as well as the corresponding formation en-
ergies of the defect complexes, are shown in Table I. For
comparison, we also present the results for adsorption
on a pristine graphene sheet. From the adsorption ener-

FIG. 2: (In color online) Final adsorption geometries of car-
bon dioxide adsorbed on the tested point defects. See Fig. 1
for defect designations. Atomic color code – graphene C: yel-
low, carbon dioxide C: gray, passivating H: light blue, O: ma-
roon. The red lines are guides to the eye, to bring out the
bonding topology

gies, one can conclude that, in general, the greater the
number of atoms that are removed from the graphene
sheet to create the defect, the less favorable binding
becomes, for both CH4 and CO2. This suggests that
the symmetry breaking and rehybridization induced by
the defects are competing with the possible loss of van
der Waals dispersion interactions due to missing carbon
atoms. We see the largest enhancement with respect to
pristine graphene for the SW defect, where no carbon
atoms are removed from the lattice. In this case, the
presence of the non-hexagonal rings enhances binding by
23% for CH4 and 17% for CO2, making it by far the
best candidate among those tested, for enhanced uptake
of both gases. For monovacancies, the loss of a single
carbon atom translates to a more modest enhancement,
whereas for the divacancies, the absence of two atoms en-
tirely offsets any gain that might otherwise be observed.
Interestingly, the hydrogen passivation of a monovacancy
defect slightly increases CO2 adsorption, while decreasing
CH4 adsorption. CO2 demonstrates consistently higher
binding strength with respect to CH4 by 4–5 kJ mol−1,
presumably due to the presence of a quadrupole mo-
ment. The binding energy difference between CO2 and
CH4 is a useful indicator of the efficiency of the medium
for gas separation; this value is largest for the 5–8–5 di-
vacancy, but is not significantly enhanced with respect
to the graphene baseline. The enhanced binding energy
for CO2 over methane is consistent with trends observed
in finite temperature Monte Carlo simulations in carbon
nanotubes41 and porous carbons.42

The calculated formation energies of the point defects
in Table I compare well with previously reported values
in the literature,10 and give an idea of the relative native
prevalence of these defects and the ease with which they
can be introduced externally. The Stone-Wales defect
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TABLE I: Calculated formation energies Ef , and adsorption energies Eads for methane and carbon dioxide, for point defects
in a graphene sheet.

System Cell Defect Ef Eads (CH4) Eads (CO2) Eads (CO2) - Eads (CH4)

size type (kJ mol−1 atom−1) (kJ mol−1) (kJ mol−1) (kJ mol−1)

Graphene (4
√
3× 4

√
3) – – 16.9 21.4 4.5

Monovacancy (4
√
3× 4

√
3) unpassivated 731.6 18.8 21.9 3.1

(4
√
3× 4

√
3) 1-H passivated 544.9 18.2 23.1 4.9

Divacancy (4
√
3× 4

√
3) 5–8–5 755.5 15.9 21.1 5.2

(4
√
3× 4

√
3) 555–777 676.3 16.3 20.2 3.9

Stone-Wales (4
√
3× 4

√
3) 55–77 495.3 20.8 25.1 4.3

has the lowest formation energy among the tested point
defects43,44 and hence is likely to exist in relative abun-
dance. Because it also demonstrates by far the largest
adsorption strength enhancements, we conclude that a
low-energy substrate treatment that causes bond reori-
entation without ejecting carbon atoms from the lattice
would be a good potential improvement strategy. In con-
trast, higher-energy treatments that introduce vacancies
are unlikely to lead to appreciable gas storage enhance-
ment.

B. Local strain and morphology

Local lattice strain is inherent in amorphous systems
such as nanoporous carbon, due to intrinsic stresses that
arise in the planar graphene sheet from the presence of
defects and altered microstructure.18 In addition, atomic
resolution imaging of graphene directly shows the pres-
ence of both small and large undulations and folds in the
graphene sheet.45–47 These local strain and morphologi-
cal transformations may be exploited to increase adsorp-
tion. A similar effect has been observed in the context
of strain-enhanced binding of metal atoms to graphene
surfaces,48 as well as curvature-enhanced binding of H2

on carbon nanotubes.49 There exists a connection be-
tween the local morphological features we discuss here,
and mesostructural properties such as pore geometry;
nevertheless, proper control during processing allows the
local morphological features to be tuned independently.
We have examined the variation in gas adsorption en-

ergy as a function of both tensile and compressive strain.
For tensile strain, both linear and areal strain were as-
sessed, i.e., axial strain applied along one or both of the
in-plane hexagonal primitive lattice vectors. Under com-
pressive strain, we found that graphene is most likely to
undergo a low-energy corrugation transformation.

1. Ripples and Folds

We modeled surface sheets of graphene, rippled un-
der compressive strain via a sinusoidal variation along

PEAK

VALLEY

PEAK

FIG. 3: (In color online) Models used for the rippled (left) and
folded (right) graphene surfaces. The tested peak (convex)
and valley (concave) adsorption sites are shown.

the zigzag direction. The undulation leads to two likely
adsorption sites, which we term the peak (convex) and
valley (concave) sites of a “ripple” (see Fig. 3). Both of
these were tested independently.

We also tested the limiting case when the amplitude
of the undulations is sufficiently large, and the curvature
sufficiently strong, that a fragment of the graphene sheet
folds on itself. A similar transformation has been ob-
served experimentally.45,50,51 We refer to this as “folded”
graphene, or a “fold”. In the model, the interlayer spac-
ing at the fold center is matched to that of bulk graphite,
meaning it should have properties of both single-layer rip-
pled and bulk graphitic materials. Since the adsorption
of a gas molecule in the valley site of a fold is limited by
pore diffusion, we have only studied the gas adsorption
at the peak (convex) site.

Our models for the rippled and folded graphene, along
with the tested adsorption sites for each, are illustrated
in Fig. 3. The calculated adsorption energies for CH4

and CO2 on each of the curved model systems are listed
in Table II, and shown graphically in Fig. 4. We see that
in the case of rippled graphene, gas adsorption is signif-
icantly enhanced at a valley site, but reduced at a peak
site. The adsorption strength initially increases with cur-
vature, but saturates at a compressive strain of about
10%. At 10% rippling strain, CH4 and CO2 adsorption
at the valley site increases by 26% and 31%, respectively,
over the baseline adsorption on graphene.
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There are two potential reasons for the enhanced ad-
sorption at valley sites. First, there should be a larger van
der Waals interaction between the adsorbate molecule
due to the increase in close-proximity carbon atoms
present in the ripple sidewalls. Second, the rippling in-
duces partial sp2-to-sp3 carbon rehybridization at the
point of highest curvature, which changes the local elec-
tron density in the π manifold that is available for bind-
ing. From these observations, it can be concluded that
the binding strength of the gas molecule is strongly de-
pendent on the adsorption site, and that the curvature
of the ripple matters up to a certain limit (∼10% com-
pressive strain).

This is of interest not only for curved elemental carbon
structures, but because the adsorption of various other
atoms on a graphene sheet (such as metal adatoms, or
as happens in the formation of graphene oxide) can lead
to signifcant buckling of the graphene sheet, leading to
increases in local curvature, thus providing concave sites
that could become favored sites for gas binding. Ad-
sorbates will therefore tend to preferentially aggregate
at concave perturbations in the graphene surface. Such
perturbations might also be expected at pore walls in
nanoporous or disordered carbon. The final loading of
the gas molecules at valley sites of corrugated graphene
ripples will be determined by the competition between
the inferior accessibility of valley/pore interiors and their
superior thermodynamics. In other words, both kinetic
and thermodynamic considerations should be taken into
account when devising an effective design strategy. Note
that the enhanced binding at the valley site is in agree-
ment with earlier experiments and calculations that show
that the curvature of carbon nanotubes leads to an in-
crease in the strength of physisorption.52,53

According to Table II and Fig. 4, the enhancements at
the valley site are larger for CO2 than for CH4, which
leads to a difference of nearly 7 kJ mol−1 between CO2

and CH4 binding at higher curvatures. This difference
could potentially be leveraged for CH4 flow purification.
In contrast, the two gases show very similar binding for
the peak site.

For adsorption at the valley site on the more weakly
rippled surfaces, the CH4 molecule orients with its hy-
drogen tripod towards the valley. At 15–20% compres-
sive strain, this orientation makes a transition to one in
which only two hydrogen atoms point directly towards
the valley. At the peak site, the tripod always orients
towards the surface. CO2 maintains a fixed geometry in
which the molecule is aligned perpendicular to the fold
direction, regardless of the adsorption site.

Structurally, the fold represents a combination of
graphite and a tightly curved ripple.47,54 At a folded
edge, one might therefore assume that the binding energy
would be similar to the peak site of the rippled sheets.
This is the case for CH4, where Eads = 12.7 kJ mol−1 is
near the mean value for rippled graphene. However, the
binding of CO2 (Eads = 20.5 kJ mol−1) is stronger than
expected, much closer to the value for pure graphene.
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FIG. 4: (In color online) Top: Adsorption energies of CH4 and
CO2 upon surface rippling under compressive strain. Bottom:
Comparison of adsorption energies between gases and between
peak (convex) and valley (concave) sites. Percent compressive
strain is calculated according to 100× (L0 −L)/L0, where L0

and L are the initial and final supercell lengths along the
rippling direction.

As a result, the difference in binding strengths between
CO2 and CH4 is larger (8 kJ mol−1) than for any other
tested system. The reason for this discrepancy is not
immediately clear, although it is quite possibly related
to the unique electronic structure of folded graphene,
where hybridization of π states between fold layers is ob-
served.54–56 We suggest that the fold in the graphene
sheet represents a distinct species that merits further
study, with potential use in the adsorptive flow separa-
tion of CH4 from CO2.

2. Tensile Strain

Our results for the adsorption energies for CH4 and
CO2 on the systems with tensile strain are listed in Ta-
ble III. We observe that the formation energies of the
areal strain on graphene is roughly double than that of
the linear strain. We see that the presence of in-plane lin-
ear and areal tensile strains on the graphene sheet tends
to slightly decrease the binding strengths of CH4 and
CO2. The dependence on strain is approximately linear,
as shown in Fig. 5. However, the magnitude of decrease is
quite small (within the range of room-temperature ther-
mal fluctuations). We draw two conclusions from our
tensile strain results: first, introducing tensile strain on
the graphene sheet is not a viable engineering strategy
for enhancing gas uptake; and second, the magnitude of
decrease is small enough that the unintentional introduc-
tion of local tensile strain due to defect- or morphology-
induced stresses will not detract appreciably from the
measured absorptive capacity. The latter point is es-
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TABLE II: Calculated formation energies Ef and adsorption energies Eads of CH4 and CO2 for various undulations of graphene
sheets. For the rippled graphene, adsorption energies for both the valley (first) and peak (second) sites are provided (see Fig. 3).
Strains represent percent decreases in the linear lattice parameter.

System Cell Strain Ef Eads (CH4) Eads (CO2) Eads (CO2) - Eads (CH4)

size magnitude (kJ mol−1 atom−1) (kJ mol−1) (kJ mol−1) (kJ mol−1)

Graphene (4
√
3× 4

√
3) – – 16.9 21.4 4.5

Rippled (4× 8) -5% 6.8 19.4 / 14.6 24.6 / 17.9 5.2 / 3.3

(4× 8) -7% 11.6 20.6 / 13.1 26.7 / 16.0 6.1 / 2.9

(4× 8) -10% 18.4 21.3 / 12.1 28.0 / 14.8 6.7 / 2.7

(4× 8) -15% 29.5 21.2 / 11.1 28.0 / 14.0 6.8 / 2.9

(4× 8) -20% 40.5 20.8 / 10.9 27.6 / 13.6 6.7 / 2.7

Fold (2
√
3× 9) – 11.6 12.7 20.5 7.8
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FIG. 5: Adsorption energy of CH4 (top) and CO2 (bottom)
under tensile strain. Percent areal strain is calculated accord-
ing to 100× (A−A0)/A0, where A0 and A are the initial and
final supercell areas.

pecially important when considering the deliberate in-
troduction of point defects, which may induce residual
lattice strain.

C. Density of States

Some insight into the reason for enhanced binding in
two of the cases — namely, the rippled graphene and the
Stone-Wales defect — can be gained by examining the
density of states upon adsorption, as shown in Fig. 6.
Both these stronger-binding configurations demonstrate
a slight degree of hybridization of the methane levels with
the p orbitals of nearby carbon atoms. At the methane
peak position and in the energy range of below 2 eV or so,
overlap with the methane states tends to correlate with
a partial mixing of pz states with the px and py states,
which is not observed in pristine graphene. The rehy-
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FIG. 6: (In color online) Change in the total density of states
(∆DOS) upon methane adsorption (black curve) of (a) pris-
tine graphene, (b) rippled graphene under 20% compressive
strain, and (c) graphene with a Stone-Wales defect. The blue
and red curves are the projected contributions to the density
of states from the pz and px + py orbitals of the carbon atom
nearest to the adsorption site (taken prior to adsorption). The
dashed black line is the peak position corresponding to the
methane molecular level.

bridization is particularly apparent in rippled graphene,
where it can be interpreted as a curvature-induced loss
of sp2 character in favor of more sp3-like binding. Conse-
quently, though relatively tiny, the quasi-covalent inter-
action with the methane enhances binding.

IV. CONCLUSIONS

In summary, we have used van der Waals-corrected
density functional theory to investigate the possibility
of engineering the local morphology of sp2 carbon sub-
strates for improved gas uptake and separation. Based
on zero-temperature binding energetics, we find that the
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TABLE III: Calculated formation energies Ef and adsorption energies Eads of CH4 and CO2 for various strain-related trans-
formations of graphene sheets. Strains represent percent increases in the linear lattice parameter.

System Cell Strain Ef Eads (CH4) Eads (CO2) Eads (CO2) - Eads (CH4)

size magnitude (kJ mol−1 atom−1) (kJ mol−1) (kJ mol−1) (kJ mol−1)

Graphene (4
√
3× 4

√
3) – – 16.9 21.4 4.5

Linear strain (4× 4) +2.5% 1.7 16.7 21.3 4.6

(uniaxial) (4× 4) +5% 6.3 16.5 21.1 4.6

(4× 4) +7.5% 13.4 16.3 21.0 4.7

(4× 4) +10% 22.8 16.2 20.8 4.6

Areal strain (4× 4) +2.5% 3.8 16.6 21.2 4.6

(biaxial) (4× 4) +5% 14.2 16.1 20.7 4.6

(4× 4) +7.5% 29.8 15.8 20.4 4.6

(4× 4) +10% 49.6 15.5 20.1 4.6

best structural candidates for improvement are the con-
cave sites in rippled graphene geometries, and Stone-
Wales defect sites. If these features can be deliberately
introduced, then enhancements of 20–30% in binding
strength can be expected, translating to commensurately
higher storage capacity. However, we caution that our
results should be considered as an initial guide, and ap-
propriate classical force-fields will have to be developed
to examine the implications of our findings on binding
and gas separations at finite temperature and pressure.
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